The title implies a clear separation of two approaches to the understanding of energy metabolism, which seldom, if ever, applies. Those empirical relationships which have stood the test of time were based on the concept of some uniformity of physiological function arising from an underlying and universal mechanism. Conversely the most sophisticated computer simulations of energy metabolism from cellular kinetics ultimately depend on empirical relationships which can be validated only by accurate measurements of whole-body energy expenditure.
and models based on the factorial approach to the energy metabolism of cattle advocated by Blaxter (1962) .
As more fully discussed by Webster (1992) these empirical models dealt with energy in terms of metabolizable energy, whereas the mechanistic models deal with substrate conversions to ATP. The last decade has seen a rapid expansion of the use of computers to develop mcchanistic models, e.g. Gill et al. (1984) , Pettigrew et al. (1989) , Oltjen (1991) , but the high point in this area must undoubtedly be the triad of papers by Baldwin, University of California and the group at Hurley (Baldwin et al. 1987a,b,c) , on the development of a mechanistic model for the metabolism of the lactating cow. Whilst, inevitably, there are many empirical elements within the model indicating the present inadequacies of biochemical, physiological and metabolic data, this is without doubt the forerunner of models which will be more purely mechanistic as further areas of uncertainty are removed. In the immediate future, however, it seems reasonable to agree with Baldwin & Miller (1989) that the main value of mechanistic models is to 'evaluate current understanding of a system or sub-system for adequacy; and when current understanding is inadequate, identify critical experiments; or, to identify, characterize and validate mechanistic equations for insertion into empirical models', whereas practical applications will continue to depend on the careful use of empirical models expanded, where appropriate, by mechanistic equations.
This statement is readily supported by a consideration of the problems of accurately predicting the availability of substrate from known dietary intakes, even in nonruminants, and to a much greater extent in ruminants (Baldwin et al. 1987~; Dewhurst & Webster, 1989) , and by examination of the multitude of assumptions, empirical relationships and arbitrary corrections used in the current family of mechanistic models. For example, Gill et al. (1984) used the empirical relationship of Black & Griffiths (1975) to estimate the maximum rate of protein synthesis and the empirical equation of Graham et al. (1976) to calculate maintenance energy requirements. Similarly, Pettigrew et al. (1989) estimated values for maximum reaction rates and for affinity and inhibition constants from empirical data on such measures as body protein, fat depletion and milk yield of sows. Baldwin et al. (1987b) obtained a remarkable degree of agreement with energy balance data but did so by permitting unrealistically large pool sizes to minimize the problems of using unmodulated reaction rates. This raises a serious question as to the ultimate practicability of mechanistic models. Newsholme (1985) put the problem in perspective by defining the high level of precision involved in every metabolic control mechanism. For example, a 1% overstimulation of fat mobilization during endurance running would give rise to dangerously high levels of plasma fatty acids within 1 h. There is no possibility of measuring reaction rates to such a degree of accuracy and we are, tl'lerefore, forced to accept arbitrary limits which result in physiologically acceptable levels of circulatory metabolites. Can we ever hope, therefore, to explain the abnormal or even to mirror the normal other than in terms of arbitrary mathematical relationships based on empirical knowledge?
The previous comments are not included to decry the potential value of mechanistic models but to support the eloquent comment of Webster (1992) that 'if complex mechanistic models of the supply and metabolism of energy-yielding nutrients are to be useful as distinct from merely clever, then they will always have to be calibrated against standards based on simple energy conversions'.
Having established this point we do well to ask how good are the standards which have been achieved in quantifying energy exchange and how sound are the empirical relationships from which so much of our current energy requirements are calculated. Much of the rest of the present paper will attempt, however inadequately, to assess some of these in terms of four criteria: (1) accuracy and universality, (2) biological relevance, (3) limitations and misuse, (4) extent to which mechanistic models can explain or improve them. One of the empirical relationships which has undoubtedly stood the test of time is the surface area law and the concept of the inter-specific relation of body size and metabolic rate. Its origins are attributed by Kleiber (1961) to Sarrus & Rameaux who wrote a thesis which Thillaye read to the Royal Academy of France during its meeting of 23 July 1839. The authors apparently began with the concept that there is an underlying mechanism for the control of body temperature by regulating heat production in relation to surface area and that this is achieved by modulating the frequency of heart beat and pulse volume. The universality of application of the surface area law to fasting adults, at rest within the thermoneutral zone has been well established. However, the problems of measuring surface area limited the value of the concept and the simpler approach of using a power function of body-weight (W) as the basis of metabolic body size (Krogh, 1916; Brody et al. 1928; Kleiber, 1932) has become generally accepted in relation to animal nutrition, the W0.75 power advocated by Kleiber (1932) being widely used. The physiological basis for this phenomenon has been and remains the source of much controversy. Despite the massive increase in our knowledge of the biochemical and physiological mechanisms involved in energy metabolism it is difficult to improve on the inspired thesis of Sarrus & Rameaux in terms of explaining either how or why this relationship should hold so well for a range of homeotherms from mice to elephants. The limitation to the relationship is of course in the conditions under which it holds, namely those relating to the measurement of basal metabolism and to inter-specific comparisons. Unfortunately this aspect is often ignored and the use of metabolic body size (W0.75) has become widely used to make intra-specific comparisons of heat production on animals of different weight (usually not because of strain differences but differences in stage of maturity) at different levels of feeding and activity and even at different environmental temperatures, despite the considerable literature going back at least 50 years which has emphasized this limitation. For example, Breirem (1936) demonstrated that for the fasting pig between 20 and 120 kg the power function W0.57 yields an almost constant term whereas W0.75 or W1.O0 give values which decline significantly with increasing weight. Similarly, Kleiber et al. (1956) showed that, using W0.75, the 'constant' increased in the post-weaning rat and then gradually declined by almost 40% to adult values.
A further concept which has been widely used in animal metabolism is that of 'maintenance'. The classical approach to the determination of maintenance is to feed at two levels either above or below but with one level close to 'maintenance' and to extrapolate to zero energy balance. This empirically derived value has generally been expressed per unit metabolic body size (W0.7s) and has been of considerable value as a basis for factorial calculations of energy requirements for growth, lactation and gestation. In relation to the earlier discussion about the problem of using W0.75 as a basis for comparisons in growing animals some workers have supported the use of lean body mass as a more appropriate basis for comparing maintenance (Pullar & Webster, 1977) , and Whitternore (1983) suggested that the relationship ME,,, = 1.85 Pb0.78 (where ME, is metabolizable energy requirement for maintenance and Pb is body protein) is more appropriate for estimating maintenance requirements of the growing pig than estimates based on W0.75 or W0.63 (Agricultural Research Council, 1981) .
Despite the undoubted value of the use of the maintenance concept, the term only has real biological meaning in an adult human or animal in a non-productive state under defined conditions of temperature and activity consuming sufficient energy to maintain energy equilibrium. Furthermore, it is arguable that its use, particularly for growing animals, has inhibited consideration of the lability of body metabolism in response to changes in energy intake. This is an important topic both in human and animal energy metabolism and there is not sufficient space here to do it justice. However, a few examples can be cited to give perspective to the discussion. The most extreme adaptation found in the literature is that in the undernourished pigs of McCance & Mount (1961) . Whereas the maintenance requirement of a young pig is about 600 kJ/kg Wo 7 5 and that of an adult about 400 kJ/kg W0.75, it can be calculated that the energy intake of their pigs was about 250 kJ/kg W0.75. Since body fat reserves had been totally depleted it must be assumed that these animals had reduced their energy expenditure by at least 50% below what would be regarded as normal. During a much shorter period of restriction piglets given inadequate energy or protein showed reductions in 'maintenance requirement' of approximately 10% compared with normal litter-mates (McCracken & McAllister, 1984) and Gray & McCracken (1979) demonstrated a 12% reduction in heat production of pigs given a maintenance intake (M) immediately after a period on 2M v. 3M (i.e. a reduction in intake). Black et nl. (1986) developed the Whittemore (1983) approach for growing pigs by incorporating a term to modify maintenance requirements in relation to growth rate and the factor in their equation fits well with the observations of Gray & McCracken (1979) . Furthermore, it provides estimates of maintenance requirement for pigs of high genetic potential (McCracken & Rao, 1989; Rao & McCracken, 1991) which agree with the observed values, whereas the equations of Agricultural Research Council (1981) and Whittemore (1983) underestimate by 27 and 14% respectively. The failure of the Agricultural Research Council (1981) equation to predict requirements for these pigs is probably an excellent illustration of the golden rule not to use empirical relationships outside the range of data on which they were based, since the ceiling for protein deposition potential in the pigs of McCracken & Rao (1989) was approximately 50% higher than those in pigs used in studies on which the Agricultural Research Council (1981) relationship was determined.
On the other hand attempts to show changes in maintenance requirement of older growing animals or adults in response to over-or underfeeding have tended to give negative results. For example, in a major review, van Es (1972) concluded that 'no reliable indication was found that the maintenance requirement changes with the level of production. It may, however, easily be changed by increased levels of (muscular) activity'. In this respect, the results of McCracken & McNiven (1983) with adult rats, which had more than doubled their initial weight due to overfeeding, are an interesting demonstration of the value and limitations of empirical approaches. These animals increased fasting metabolic rate exactly in proportion to metabolic body-weight (W0.75) and to a much greater extent than the increase in lean body mass. In practical terms, therefore, they appear to strongly support the view of van Es (1972) that the maintenance requirement of adult animals is not significantly affected by energy intakes above maintenance, and at the same time refute the view of Pullar & Webster (1977) that maintenance requirements are better equated to lean body mass than to metabolic body size. It is, nevertheless, dangerous to attempt to give any physiological explanation. It is possible that this is nothing more than a mathematical accident in that increased turnover in certain tissues was diluted by the large increase in metabolically less active adipose tissue. In contrast, studies on the basal metabolic rate of lean and obese humans normally show a good correlation with lean body mass rather than with total weight or metabolic body size (W0.75). It would be interesting to see to what extent mechanistic modelling could provide a rationale for these observations. Kielanowski (1965) gave impetus to the application of multiple-regression techniques to estimate maintenance and the partial efficiency of energy utilization of protein and fat (kp and kf). This has been the basis for the development of factorial approaches to energy requirements, e.g. for growing pigs (Agricultural Research Council, 1981) .
This empirical approach is open to much valid criticism. The relationship is usually expressed as:
where ME1 is the metabolizable energy intake, AWb + c represents maintenance, and P, and Fe are the amounts of energy deposited as protein and fat respectively. Mathematically speaking ME1 is the dependent variable and the other terms are the independent variables. In practice it is almost the reverse, i.e. ME1 are imposed experimentally and protein and fat deposition are the result of genetic potential, stage of maturity and intakes of protein and energy. Despite this criticism the careful use of the multiple-regression technique has been the backbone for the development of empirical models of energy metabolism for growth and lactation. As Webster (1992) has pointed out, the agreement between the estimates of the cost of fat deposition in non-ruminants from multiple regression and stoichiometric calculations of fat synthesis (Armstrong, 1969 ) is remarkably good. On the other hand the consistently low values for kp in the rat and pig compared with the stoichiometric calculations have been the cause of much controversy. The fact that protein synthesis and degradation are six to eight times greater than protein deposition may provide a partial explanation but, so far as the author is aware, no one has managed to provide a complete and convincing explanation for the low observed kp values.
One further aspect of the multiple-regression approach when applied to calorimetric data on growing animals is the long recognized, but frequently ignored, problem of overestimation of nitrogen retention by the balance method. This is probably a less serious problem in human studies where better control can be exercised over urine collection. The problem is greatest with classical separation techniques and is exacerbated by increases in dietary protein content. With pigs, N balance usually overestimates retention relative to slaughter data by 1620% (McCracken et al. 1980; Just et al. 1982) and many studies in the literature on animals from rats to cattle are subject to much larger errors. It is almost certainly the case that there is a small systematic underestimation of N retention by the slaughter method, but it is equally certain that the more serious errors lie in the balance data due both to overestimation of intake and underestimation of excretion. This indicates that many estimates of kp by balancecalorimetry may be too high.
However, problems of error due to methodological difficulties are not just found with N balance. As Webster (1992) has pointed out there are also difficulties in obtaining agreement between energy retention calculated from respiratory exchange and from slaughter studies. In many cases this is apparently not due to errors in measurement but in different responses (in terms of alertness, feeding behaviour, activity. etc.) in confinedlisolated environments. In this respect we have been concerned for the last few years about what appears to be a large error in the empirical relationship established by Agricultural Research Council (1980) , between metabolizability of diets for cattle and the efficiency of energy utilization for growth ( k g ) . A major slaughter study of beef cattle (McCracken et al. 1991) has confirmed a large discrepancy between the k, (0.52) predicted by Agricultural Research Council (1980) and the determined value (0-39), which is in line with predictions from Garrett (1979) . Similar problems occur in studies on pigs and rats. For example, McCracken & Rao (1989) using high-genetic-potential boars. determined values of heat production by slaughter and calorimetry which were respectively 19.0 and 17.4 MJ/d, and McCracken & McAllister (1984) observed a 10% difference between calorimetry and slaughter in the heat production of undernourished pigs which spent every third day in a closed-circuit chamber.
The previous discussion highlights serious issues in terms of providing the gold standard of measurement and interpretation which will be necessary if we are to improve quantitatively in our prediction of energy requirements. Unfortunately there is a further hazard in the literature. This hazard is flawed science. Due to the desire on the part of journal editors for concise papers and the presentation of statistically analysed summaries, the hazard is much greater today than SO years ago when considerable amounts of raw data were presented. Occasionally enough data are available for the observant reader to identify the problem and two such examples are worthy of comment.
The first, Rothwell & Stock (1979) contains at least three quantitative errors of considerable significance. First, the metabolizable energy content of the control diet was assumed to be 10.75 MJ/kg whereas subsequent measurement showed the true value to be 12.2 MJ/kg. Thus, the energy intake of the control group was underestimated by 12% and heat production by 16%. The energy gain of the cafeteria rats shown in their table is 20% less than would be calculated from the given weight of fat gain and the stated gross efficiency of the controls (0.36) is 30% greater than the value which can be calculated from ME1 and e iergy retention. The other is a paper by Thorbek et al. (1982) which is notable in three I.espects. First, it sets out to be a definitive study of energy and protein metabolism of the growing rat. Second, it is subject, to a calamitous extent, to the problems of N balance and energy retention measurement discussed previously and third and importantly it is a good illustration of how the intelligent use of simple but sound empirical relationships would have prevented the publication of data which only add confusion to the literature. Within the paper the rates of live-weight gain during each period of study can be calculated. Hence, it is possible using sensible empirical values for the crude protein (N x 6-25) and energy content of the body gain to make good estimates of the protein and energy retention. However, the values reported for N balance and energy retention are all at least 100% greater than those compatible with the rates of gain.
Finally, I wish to consider what I believe will prove to be the greatest challenge to all involved in modelling energy metabolism both in humans and animals, namely the prediction of nutrient (energy) intake. Oldham & Emmans (1989) have made a strong case for the prediction of responses rather than of requirements, and mechanistic models are more easily operated in this mode. Empirical models, on the other hand, can be applied in either direction. However, at present both forms of nutrient-response model tend to start with a known nutrient intake, though, for example, the Edinburgh pig model provides a wide range of options including an empirical estimate of ad lib. feed (energy) intake. Various empirical equations have been derived for non-ruminants (Agricultural Research Council, 1981; Fisher & Boorman, 1986 ) and for ruminants (Agricultural Research Council, 1980; Rook et al. 1990 ) but all these are subject to the problem of, (as yet) unexplained animal variability. For example, McCracken & Stockdale (1989) observed a range of mean daily intake from 1.79 to 3.13 kg in a highly selected pig population fed on the same diet under uniform conditions of management and environment. Similarly, the problem of wide variations in energy intake of individual humans has been recognized for a long time (Widdowson, 1962) .
The optimist will suggest that increased understanding of the interactions of physiological, psychological and environmental factors will ultimately permit the prediction of intake at an individual or group level. The realist will point to the parable of the narcissus and the slob (Webster, 1992) and to Newsholme (1985) and suggest that the human or animal body operates at levels of precision which are beyond the ingenuity of man to emulate or understand. In the words of the psalmist 'we are fearfully and wonderfully made'.
Notwithstanding this (perhaps pessimistic) comment we have not yet reached the frontiers of understanding. I suggest that some of the challenges which face those dedicated to the mechanistic approach include: reduce the level of uncertainty in reaction rates, improve understanding of hormone interactions and sensitivity of receptor sites, improve methods of predicting genetic potential for lean gain in growing animals, improve understanding of the energetics of protein metabolism, accurately predict intakes of (absorbed) nutrients and energy. The challenge to all of us is to ensure that whatever experiments we conduct are designed to tackle real questions and conducted to provide accurate and interpretable results. However, extending the statement of Kleiber (1961) , to matters beyond the scope of the surface area law, we may also have to accept that 'the search for the "true" relation implies mystics with which we cannot cope in animal energetics'. 
